INTRODUCTION
The cyclic AMP-dependent protein kinase (PKA) type II is directed to different subcellular loci through inter- sarcoplasmic reticulum (AKAP100), peroxisomes (AKAPNo. 939202, La Jolla, CA) was subsequently screened with the cDNA 220), Golgi (AKAP85), and mitochondria (AKAP84/149/ insert from the first isolated clone in addition to a PCR probe from D-AKAP1) [18] [19] [20] [21] [22] [23] . A specific nuclear anchoring pro-the most 5end of the rat cDNA. The cDNA from positive clones tein, AKAP95, was cloned from a rat pituitary library were retrieved from lZAP in the plasmid pBK CMV by helper phage infection as outlined by Stratagene.
as a partial cDNA sequence and shown to interact with DNA through two zinc finger motifs [24] . Furthermore,
Rapid amplification of cDNA ends (RACE).
The 5-end of AKAP95 cDNA was amplified from human cerebellum Marathon RACE-ready a recent publication demonstrates that AKAP95 in concDNA (Clontech, Cat. No. 7401-1) using the Advantage cDNA PCR kit trast to AKAP79 interacts with high affinity and al- (Clontech, Cat. No. K1905) as described by the manufacturer. First most exclusively with RIIa and not RIIb [25] . As RII amplification was performed using adapter primer 1 (Clontech) and is excluded from the nuclear compartment, the function oligo 1 (5-GTCCAGCACTCCACGCCCCGTAG-3). Thirty-five cycles were performed with a 45-s denaturation at 94ЊC followed by a 2-min of AKAP95 as an anchoring protein has been elusive.
annealing and synthesis step. Annealing and synthesis were at 72ЊC
We now report the cloning of a full-length human for the first five cycles followed by five cycles at 70ЊC and 25 cycles at AKAP95 cDNA that maps to a region of chromosome 68ЊC, thereafter extension for 10 min at 68ЊC completed the reaction. 19 that encodes several different zinc finger-containing A part of the reaction mix was then run on a 1% agarose gel and DNA-binding proteins. We further demonstrate that visualized using ethidium bromide staining. The product was directly subcloned from the reaction mix into the vector pCR2.1 using the TA whereas localization of AKAP95 in interphase cells is cloning kit (Invitrogen Corp., San Diego, CA) as described by the manunuclear and in a separate compartment from RIIa, facturer. The amplification and cloning were repeated, and products of AKAP95 is detached from DNA during mitosis and two different PCR amplifications were sequenced. overlap the localization of RIIa. Finally we demon-DNA sequencing. cDNA clones were sequenced in both directions strate a physical colocalization of AKAP95 and RIIa by the dideoxy chain termination method [28] using a combination during mitosis.
of vector-derived and insert-specific primers and either standard protocols (Sequenase, United States Biochemicals, Colombus, CL) or automated sequencing (Eurogenetec, Seraing, Belgium). Nucleotide
METHODS
and amino acid sequence data were analyzed using the GCG program package, Version 8.0 [29] . DNA probes. An EcoRI-BglII fragment of rat AKAP95 covering nucleotides 1 to 2306, a PCR-generated probe to the 5-part of Chromosomal localization. DNA from 25 somatic cell hybrids AKAP95 covering nucleotides 6 to 287, and the first human AKAP95 (BIOS Laboratories Inc., New Haven, CT) were used for chromosomal clone (clone 1) isolated in the screening were used as probes. cDNAs assignment. In addition, a human/hamster chromosome 19 mapping were radiolabeled with [a-32 P]dCTP using the Megaprime DNA label-panel was employed to sublocalize the gene to a defined region on ing system (Amersham, Buckinghamshire, UK) to a specific activity chromosome 19 [30] . The PCR amplifications were performed in 25 of approximately 1-2 1 10 9 cpm/mg. ml using 100 ng DNA, 10 mM Tris-HCl, pH 8.3, 50 mM KCl, 2.5 mM MgCl 2 , 200 mM each of dATP, dCTP, dGTP, and dTTP, 10 pmol Screening and isolation of cDNA clones. A total of 1 1 10 6 recomoligo 2 (5-ACCAACGCATCCATCATCCC-3, nucleotides 2129 to binant clones from a human cerebellum lgt11 cDNA library (Clon-2110), 10 pmol oligo 3 (5-GATCCAGAAATGGAAGGAGA-3, nucleotech, Cat. No. HL1128b, Palo Alto, CA) were screened by high strintides 1654 to 1673), and 1.25 units Taq DNA polymerase (Perkingency hybridization as earlier described [26, 27] using rat AKAP95 cDNA as a probe. Phage DNA was purified and the insert was subElmer, Branchburg, NJ). Amplification mixtures were denatured for
FIG. 1-Continued
1 min at 94ЊC, annealed for 30 s at 62ЊC, and extended for 30 s at immunoblot analysis was performed as described elsewhere [32] . Protein-G-purified rabbit anti-rat AKAP95 antibody was used at a 72ЊC for 30 cycles, with a final extension of 10 min at 72ЊC. The amplification products were analyzed on 10% polyacrylamide gels concentration of 0.1 mg/ml [24] and biotinylated affinity-purified rabbit anti-human RIIa antibody was used at a concentration of 0.5 mg/ and visualized by ethidium bromide staining.
ml [33] . Primary antibodies were detected by horseradish-peroxiExpression of recombinant AKAP95. A 900-bp EcoRI fragment of dase-labeled protein A (dilution 1/25 000, Amersham) and streptavi-AKAP95 cDNA (nucleotides 1242 to 2141) encompassing both zinc findin (dilution 1/1500, Amersham) in the second layer and developed gers and the putative amphipathic helix RII-binding domain of AKAP95 using ECL (Amersham). was subcloned into the expression vector pGEX-KG. The expression and purification of the protein was as described previously [31] .
RII overlays. Proteins were separated by SDS-PAGE and transferred by electroblotting to nitrocellulose membranes. Binding was Western blot analysis. Proteins were separated by SDS-PAGE and transferred by electroblotting to nitrocellulose membranes and detected using recombinant human RIIa labeled by phosphorylation / RNA mitosis. The following day, untreated cells were detached in PBS from various human tissues was purchased from Clontech. The filter with 10 mM EDTA, whereas plates with cells treated with Nocodawas prehybridized in 51 Denhardtś solution, 51 SSC, 50 mM sodium zole were shaken vigorously in the absence of EDTA to loosen only phosphate buffer, pH 6.8, 0.1% SDS, 250 mg/ml single-stranded rounded M-phase cells. Subsequently, cells were harvested by censalmon sperm DNA, and 50% (v/v) formamide at 42ЊC for 3 h, and trifugation at 400g. Microscopy of Nocodazole-treated cells stained hybridized for 16 h in the same solution containing radiolabeled with aceto-orcein (Gibco BRL Life Technologies Ltd., Paisley, UK) human AKAP95 cDNA corresponding to nucleotides 1-1088 or revealed that more than 98% of the cells were arrested in mitosis. chicken b-actin [35] . The membranes were washed four times in 21 After several washes in PBS, 3 1 10 8 pelleted cells were resuspended SSC, 0.1% SDS for 5 min at room temperature, followed by two in 1 ml buffer A (10 mM Hepes, pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl, washes using 0.11 SSC, 0.1% SDS at 50ЊC for 30 min. Autoradiogra-1 mM AEBSF, 0.5 mM DTT, 1 mM Benzamidine, 10 mM IBMX). This phy was performed at 070ЊC using Amersham Hyperfilm MP and cell suspension was incubated at 4ЊC for 2 h followed by addition of super rapid intensifying screens (Kodak, Rochester, NY).
NP-40 to 0.2% and homogenization with an ice-cold Dounce homogeImmunocytochemistry. Immunofluorescence studies were pernizer and type ''A'' pestle. The cell lysate was centrifuged at 15,000g formed on human Hs-68 fibroblasts (American Type Culture Collecfor 15 min at 4ЊC and total protein concentration was determined tion, Rockville, MD) grown on glass coverslips and fixed in 3.7% formausing a modified Bradford assay [37] . HeLa cell lysate (3 mg per lin in PBS followed by extraction in 020 ЊC acetone. Cells were rehyimmunoprecipitation) was precleared with 25 ml 25% (v/v) protein drated in PBS and 1% bovine serum albumin (BSA) and then G-Sepharose. Thereafter, cleared supernatants were incubated incubated with affinity-purified primary antibody to AKAP95 [24] and overnight at 4ЊC with 6 mg of either affinity purified rabbit antia newly developed purified mouse monoclonal IgG1 antibody to human AKAP95 or preimmune IgG prior to the addition of 25 ml 25% (v/ RIIa (K.T. and T.J. in collaboration with Transduction Laboratories, v) protein G-Sepharose to precipitate the immune complexes. The Lexington, KY), at 1:100 dilution and 2.5 mg/ml, respectively. Followprecipitate was washed twice with 1 ml buffer A containing 1 M ing incubation at 37ЊC for 60 min, cells were washed three times with NaCl and 0.2% NP-40 followed by four washes in buffer A with 0.2% phosphate-buffered saline (PBS) with 1% BSA and stained for primary NP-40. The elution was accomplished using 150 ml 21 SDS-PAGE antibodies with fluoroscein isothiocyanate(FITC)-labeled anti-rabbit sample buffer and immunoprecipitates were examined for the presIgG or biotinylated anti-mouse IgG antibodies for 30 min. Subseence of AKAP95 and RIIa by immunoblot analysis. quently, RIIa was visualized by staining with Texas red-conjugated streptavidin. Finally, cells were counterstained for DNA with DAPI. The cells were mounted, observed, and photographed on a Zeiss axio-
RESULTS
phot photomicroscope using a 401 plan-apochromat (1.4NA) oil immersion lens as described elsewhere [36] .
Cloning of Human AKAP95
Immunoprecipitation of AKAP95/RIIa complexes from cells. Human HeLa cells (American Type Culture Collection) were grown in The human homologue of AKAP95 was isolated using Eagle's minimum essential medium (EMEM) containing 10% newthe rat cDNA as a probe. A cDNA (clone 1) was isolated born calf serum and supplemented with nonessential amino acids, from a human cerebellum lgt11 library. The cDNA in-0.1 mM glutamine, 1 mM sodium pyruvate, 50 U/ml penicillin, and 50 mg/ml streptomycin. Cells were plated to 50% confluency, grown sert of clone 1 was 1265 nucleotides in length, and started at position 876 compared to the rat cDNA sequence (Fig. 1A) . In order to isolate the 5end of the human AKAP95 cDNA, a random and oligo(dT)-primed human testis lZAP library was screened with a PCRgenerated probe from the most 5end of the rat cDNA (nucleotides 6 to 287) and the previously isolated clone 1 using double filter lifts. were shown to be identical to the 30 most 5 nucleotides cDNA generated a single band when using Table 1 ). The regional location of the human AKAP95 gene was determined using seven human/hamster somatic cell hybrids containing different regions of chromosome 19 (Fig. 3 ). This regional mapping panel is designed primarily for mapping on 19q; however, two cell lines containing p arm material (1SHL9, 1SHL25) were also included in the analysis. To assess the RII binding properties of human is 80% identical to rat AKAP95 and encodes a 692-AKAP95, a fragment of the human AKAP95 cDNA (enamino acid protein with a calculated molecular mass coding residues 414 to 692 of the protein) was inserted of 76 kDa. The deduced amino acid sequence is 89% into the expression vector pGEX-KG and a GSTidentical to rat AKAP95, indicating that the isolated AKAP95D1-413 fusion protein was purified (Fig. 4A ). cDNA clones represent the human AKAP95 (Fig. 2) .
The identity of the recombinant fusion protein was verThe human protein is 5 amino acids longer than the ified by Western blot analysis (Fig. 4B ) using anti-rat rodent counterpart due to insertions. The proposed RII-AKAP95 antibodies. This recombinant AKAP95 probinding region (Fig. 2, double underlined) is conserved tein bound 32 P-radiolabeled human RIIa (Fig. 4C , lane between rat and human with the exception of two con-1) as assessed by direct overlay. Solid-phase binding servative amino acid changes from Glu to Asp in posiof RIIa was blocked in the presence of the anchoring tion 4 and Lys to Arg in position 16 of a putative amphiinhibitor peptide, Ht31 [12] (Fig. 4C, lane 2) . phatic helix that can be predicted. The sequence of human AKAP95 ended in a stretch of A's, indicating that this particular clone from a combined random-and oli-Tissue Distribution of AKAP95 mRNA go(dT)-primed library originated by an oligo(dT) primTo investigate the tissue expression of AKAP95, a ing. However, this probably does not represent the Northern filter containing poly(A) / RNA from different poly(A) tail, as no polyadenylation signal is found in human tissues was hybridized with a 32 P-radiolabeled the nearby sequences.
1.0-kb EcoRI-XhoI fragment of clone 13.3. The probe detected 4.3-and 5.0-kb mRNAs expressed at high levChromosome Localization els in heart, liver, skeletal muscle, kidney, and pancreas (Fig. 5A) . Subsequently, the filter was hybridized A PCR reaction using two primers based on sequences from the 3 region of the human AKAP95 with b-actin as a control (Fig. 5B) .
Immunolocalization of AKAP95 and PKA Regulatory from lysates of asyncronous HeLa cells containing 98% cells in interphase and from lysates of NocodazoleSubunit RIIa
treated HeLa cells containing more than 98% mitotic As AKAP95 has been shown to be selectively inter-cells were analyzed by Western blotting for the presacting with RIIa [25], the intracellular localization of ence of AKAP95 (Fig. 8A) and RIIa (Fig. 8B) . Figure  AKAP95 and RIIa was examined in human fibroblasts 8A shows the presence of AKAP95 in immunoprecipiHs-68 cells. Immunolocalization of AKAP95 and RIIa tate from HeLa cells arrested in mitosis (lane 2, M), was determined by double staining, indirect immuno-whereas virtually no signal was observed in immunofluorescence, and microscopy. In contrast to the nuclear precipitate from interphase cells (lane 1, I ) or in the fluorescence observed for AKAP95 in interphase cells eluate from a precipitation of mitotic HeLa cell lysate (Fig. 6A ) that decorated chromatin but excludes with preimmune IgG (lane 3, C) . A parallel anti-RIIa nucleoli, the staining pattern for RIIa appeared to be immunoblot in Fig. 8B showed a strong signal from primarily cytoplasmic (Fig. 6B) , with perinuclear and RIIa coimmunoprecipitated with AKAP95 in mitotic Golgi staining. The separation of AKAP95 and RIIa cells (lane 2, M), whereas only low levels of RIIa were into separate cellular compartments in interphase is detected in AKAP95 immunoprecipitate from inclearly demonstrated by the discrimination of green terphase cells or control precipitate from mitotic cells and red in a double image overlay (Fig. 6C) . These (lanes 1 and 3, respectively) . A distinct proportion of results suggests that only minor amounts of type II RIIa was present in the supernatant following immu-PKA were associated with AKAP95 in the nucleus of noprecipitation with anti-AKAP95 and apparently not interphase cells.
associated with this anchoring protein (not shown). The During mitosis, the nuclear envelope is broken down lack of AKAP95 in immunoprecipitate from interphase and there may not be a barrier to maintain PKA and cells is probably due to the fact that postnuclear super-AKAP95 in separate cellular compartments. AKAP95 natants of asynchronous HeLa cells contained very low staining changed markedly and appeared to be ex-levels of AKAP95 prior to immunoprecipitation as cluded from condensed chromatin and exposed to cyto-AKAP95 was not solubilized by the lysis buffer. This plasmic components and decorated an area outside but is in contrast to the majority of RIIa which was present close to the metaphase plate (Fig. 6A, mitotic cell) . in equal amounts in lysates of interphase and mitotic Moreover, RIIa subunit antibody showed bright, widely HeLa cells. distributed staining during mitosis (Fig. 6B ), but with a strong intensity in the region surrounding the meta-
DISCUSSION
phase plate where it colocalized with AKAP95 as demonstrated by image overlay (Fig, 6C) . The results sugThe present study reports the cloning and chromogest that AKAP95 is likely to be exposed to type II PKA somal localization of human AKAP95. Expression of during mitosis.
AKAP95 mRNA is shown in human heart, liver, skeleWe further examined the distribution of AKAP95 tal muscle, kidney, and pancreas. The nuclear AKAP95 and RIIa in different phases of mitosis (Fig. 7) . The is shown to redistribute and detach from condensed results demonstrate that AKAP95 dissociated from chromatin during mitosis. Coprecipitation of AKAP95 chromatin in prometaphase at which point the overlap and RIIa is demonstrated in HeLa cells arrested in with RIIa was not clear (Figs. 7A-7C) . In an early mitosis, but not in asyncronous cells. forming metaphase (Figs. 7D-7F ), the dissociation of Cloning of the human AKAP95 revealed a protein AKAP95 and chromatin became clear and an overlap with a 692-amino acid open reading frame that was with RIIa was emerging. In metaphase, AKAP95 local-89% homologous to the previously reported rat ized in a region in close proximity to, but outside the AKAP95. 5 RACE cloning of human AKAP95 demonmetaphase plate and overlapped with a part of the pool strated several in-frame stop codons upstream of the of RIIa (Figs. 7G-7I , upper, left cell). In anaphase, most 5 methionine identified, indicating that the com-AKAP95 and RIIa started to segregate (Figs. 7G-7I , posite human cDNA reported here as well as the rat upper, middle cell), and in telophase, AKAP95 reen-sequence represent the complete coding sequence of tered the forming nucleus and was again separated AKAP95. As expected, the proposed RII-binding region from RIIa (not shown).
and zinc-finger domains were conserved between rat and human. In addition, a putative nuclear localization Colocalization of AKAP95 and RIIa sequence of basic residues, KKRREKQRRR (amino acids 368 to 377), as well as a bipartite motif for nuclear As shown in Fig. 6, AKAP95 and RIIa appeared to be in separate cellular compartments in interphase targeting, RR(X 10 )GRKRK (amino acids 290 to 306), are present in AKAP95 [38] . These sequences are concells but showed an apparent colocalization during mitosis. For this reason, we examined the colocalization served between the human and rat forms and may facilitate the nuclear targeting of this protein. some 19p13.1-q12.1 using somatic cell hybrids and a have been associated with B and T cell acute lymphoblastic leukemias, ovarian carcinomas, and benign ade-PCR reaction amplifying a human AKAP95-specific product. More than 1200 markers have an assignment nomas of the pituitary and thyroid glands [43] [44] [45] [46] . Activation of PKA by cAMP regulates proliferation in both overlapping 19p13.1-q12 [39] . However, this group comprises only a few characterized genes with known a positive and negative fashion in different cell types [3, 47] . It is interesting to speculate that chromosomal gene products that include the Ca subunit of PKA, the phosphodiesterase type IV A, as well as several zinc rearrangements involving AKAP95 may disrupt normal cAMP-mediated growth regulation and lead to neofinger-DNA binding proteins [39] [40] [41] . Furthermore, several diseases including familiar hemiplegic mi-plasia.
Function of AKAP95 as an anchoring protein has graine, the related hereditary peroxysomal cerebellar ataxia, and cerebral autosomal-dominant arthropathy been elusive as it is localized in a different compartment from the majority of RII. Several publications have been mapped to this region although no candidate genes have been identified yet [42] . In addition, translo-have demonstrated low amounts of RII associated with nuclei [48-50] but we were not able to demonstrate a cations and chromosomal aberrations involving 19p I ) and cell lysates from HeLa cells treated with 1 mM Nocodazole for 24 h (98% of cells arrested in mitosis, lanes 2 and 3, M and C) were used for precipitation employing either an immune IgG specific to AKAP95 (lanes 1 and 2) or a preimmune IgG (lane 3, C). Precipitates were subjected to immunoblot analysis using affinity-purified rabbit anti-AKAP95 antibody. (B) Detection of RIIa in the same immunoprecipitates as in A was by Western blot using an affinity-purified, biotinylated rabbit anti-human RIIa antibody and Streptavidin in the second layer to avoid interaction with heavy chain IgG on the blot. Numbers on the left of both panels indicate molecular mass (kDa) of marker proteins (Rainbow high molecular weight range markers, Amersham).
physical colocalization of RII and AKAP95 in in-cell cycle remains to be shown. Phosphorylation by a cell cycle-dependent kinase to detach AKAP95 from its terphase cells. Demonstration that AKAP95 is redistributed from a nuclear localization in interphase cells nuclear localization is an interesting possibility. However, several putative cdc2 phosphorylation sites in the to be absent from the condensed chromatin and shifted to a localization that overlaps the localization of RIIa rat AKAP95 sequence were not conserved in the human sequence and mitotic kinase extracts did not phosphorin mitotic cells provides a possible role of AKAP95 in anchoring of RIIa during mitosis. The observation that ylate human AKAP95 in vitro (data not shown).
In summary, the present paper reports the cloning RIIa could be coprecipitated with AKAP95 in HeLa cells arrested in mitosis, but not in interphase HeLa and chromosomal localization of a human homologue of rat AKAP95. A cell cycle-dependent regulation of the cells, suggests a physical colocalization of RIIa and AKAP95 during mitosis. Microinjection studies with C subcellular localization of AKAP95 is demonstrated, indicating a role for this protein in binding and tarand PKI have demonstrated that downregulation of PKA activity is necessary for nuclear envelope break-geting PKA type II during mitosis. down [36] . However, the actual role of PKA during mitosis is not known and the function of an RII/AKAP95 This work was supported by The Norwegian Cancer Society, the Research Council of Norway (NFR), Anders Jahre's Foundation for complex will have to await future studies. It is also the Promotion of Science, Novo Nordic Foundation Comitee, and NIH possible that AKAP95 serves to redistribute low levels Grants DK52491 and DK44239 to Vince Coghlan and John D. Scott, of RII to the nuclear compartment at the onset of in-respectively. John D. Scott is an associate investigator of the Howard terphase although we have not been able to demon-Hughes Medical Institute at Vollum Institute. We appreciate the strate RII associated with AKAP95 from nuclei. Fur-technical assistance of Marianne Nordahl. We are grateful to Dr. clear, indicating that the major proportion of AKAP95 Université René Descartes, Paris, France, for help with in vitro phosis not associated with RII during interphase [25] . In phorylation by mitotic kinase. addition, demonstration of RII binding to nuclear AKAP95 in situ in fixed and permeabilized cells indi-
